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HIGHLIGHTS 


•  The  sulfonic  group  has  been  successfully  linked  onto  the  CNTs  surface. 

•  The  Pt/S03H— Ar— CNTs  exhibits  high  Pt  utilization  and  low  Nation  dependence. 

•  The  durability  of  the  Pt/S03H-Ar-CNTs  has  been  greatly  improved. 
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We  have  synthesized  a  hybrid  catalyst  with  the  high  Pt  utilization  and  durability,  in  which  the  Pt 
nanoparticles  are  deposited  on  the  sulfonated  carbon  nanotubes  (S03H-Ar-CNTs)  with  conducting 
proton  and  electron.  Electrochemical  performance  of  the  catalyst  (Pt/S03H-Ar-CNTs)  is  evaluated  by  the 
cyclic  voltammograms,  linear  sweep  voltammetry  and  fuel  cell  tests,  respectively.  The  experimental 
results  demonstrate  that  the  Pt/S03H-Ar-CNTs  catalyst  exhibits  good  oxygen  reduction  reaction  activity, 
enhanced  durability  and  excellent  Pt  utilization  compared  with  the  Pt/COOH-CNTs  catalyst.  The 
improved  performance  of  Pt/S03H-Ar-CNTs  catalyst  is  ascribed  to  the  introduction  of  the  sulfonic  acid 
group  onto  the  CNTs  surface  by  the  covalent  modification  method,  which  ensures  Pt  NPs  locate  in  triple¬ 
phase  zones  to  increase  Pt  utilization  and  reduces  the  corrosion  of  the  S03H-Ar-CNTs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  have  been 
attracted  considerable  attention  as  promising  energy  conversion 
devices  for  various  applications  in  portable  electronics,  automotive 
engines  and  stationary  generation  systems  1,2  .  So  far,  Pt-based 
catalysts  remain  the  most  effective  electrocatalysts  for  the  com¬ 
mercial  fuel  cells  [3-5  .  However,  the  high  cost,  limited  supply,  and 
poor  durability  of  Pt  have  hindered  the  widespread  application  of 
PEMFCs  [5,6].  It  has  been  estimated  that  the  Pt  catalyst  used  in  the 
electrodes  possesses  about  40%  of  the  total  cost  of  fuel  cells  [7]. 
Therefore,  decreasing  the  cost  of  PEMFCs  via  the  increase  of  the 
utilization  efficiency  and  the  durability  of  Pt  has  been  one  of  the 
major  concerns.  Because  catalysis  at  the  electrode  of  PEMFCs  is  an 
interface  phenomenon,  electrode  reactions  can  occur  only  at 
confined  spatial  sites  called  triple-phase  zones  where  the  Pt 
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nanoparticles  (NPs)  have  simultaneous  access  to  the  reactants,  the 
electron  transport  medium,  and  the  proton  transport  medium. 
Conventionally,  incorporating  a  certain  amount  of  Nation  into  the 
electrode  is  the  most  effective  strategy  to  obtain  the  triple-phase 
zones  [8].  However,  Nation  for  protons  transport  tends  to  wrap  or 
isolate  Pt  NPs  on  the  electrode,  leading  to  the  interruption  of  proton 
and  electron  channels,  the  increase  of  gas  transport  resistance  and 
finally  to  the  low  Pt  utilization  [9].  Hence,  numerous  researches 
have  focused  on  optimizing  the  composition  and  structure  of  the 
electrodes  to  increase  the  exposure  of  Pt  NPs  into  the  triple-phase 
zones  on  the  electrode  8,10-13  .  Sun  et  al.  14]  synthesized  one  Pt- 
Nafion/C  catalyst  by  a  modified  ion-exchange  method,  in  which 
[Pt(NH3)2]2+  cations  were  ion-exchanged  onto  the  oxidatively- 
treated  carbon  coated  by  Nation  and  then  reduced  by  H2  to  fabri¬ 
cate  the  triple-phase  zones,  resulting  in  an  improved  Pt  utilization 
in  fuel  cells.  Watanabe  et  al.  [15  studied  that  Nation  was  pene¬ 
trated  into  the  primary  pores  of  Pt/C  catalyst  agglomerates  by 
autoclave  treatment.  They  found  that  Nation  was  distributed  more 
uniformly  in  the  primary  pores  of  Pt/C  catalyst  agglomerates,  which 
obtained  a  better  polarization  property  by  the  higher  Pt  catalyst 
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utilization.  Wei  et  al.  [16]  reported  an  alternative  ion-exchan ge/ 
electrodeposition  (AIEE)  method,  in  which  carbon  black  was  first 
bonded  with  polytetrafluoroethylene  and  then  coated  with  Nafion. 
It  has  been  found  that  the  Pt  utilization  of  AIEE  electrode,  reflected 
by  fuel  cell  output  power  density,  was  2.2  times  higher  than  that  of 
conventional  electrodes.  Although  these  strategies  have  been  pro¬ 
posed  to  increase  the  Pt  utilization,  the  processes  of  preparing  the 
three-phase  zones  are  too  complex  and  seriously  dependent  on  the 
loading  and  distribution  of  Nafion.  More  importantly,  the  proton 
and  electron  transports  were  still  severally  achieved  by  Nafion  and 
carbon  supports  in  the  three-phase  zones,  respectively,  which 
cannot  ensure  each  Pt  NPs  locate  into  the  three-phase  zones  and 
then  be  used  as  activity  site.  Thus,  developing  a  kind  of  material 
conducting  both  electron  and  proton  to  make  each  Pt  NPs  in  the 
three-phase  zones  is  highly  desirable. 

Herein,  we  present  a  novel  bifunctional  support  with  the  ability 
to  conduct  proton  as  well  as  electron  prepared  by  using  the  cova¬ 
lent  modification  method  17]  to  link  the  benzene  sulfonic  acid 
groups  (-Ar-S03H)  onto  the  surface  of  carbon  nanotubes  (CNTs), 
called  as  sulfonated  CNTs  (S03H-Ar-CNTs).  The  S03H-Ar-CNTs 
have  abundant  -S03H  groups  on  the  CNTs  surface  through  the 
benzene  rings,  which  can  ensure  the  excellent  electrical  conduc¬ 
tivity  between  the  Pt  NPs  and  CNTs  in  the  Pt/S03H-Ar-CNTs 
catalyst.  More  importantly,  the  -S03H  groups  on  the  surface  of 
CNTs  not  only  serve  as  the  anchor  centers  for  achieving  high  Pt 
dispersion,  but  also  act  as  the  proton  transport  centers  of  Pt  NPs, 
which  realize  that  proton  and  electron  transport  channels  can 
simultaneously  appear  on  the  Pt  NPs  surface  and  then  allow  each  Pt 
NPs  supported  on  the  S03H-Ar-CNTs  to  locate  into  the  triple¬ 
phase  zones  on  the  electrode,  greatly  enhancing  the  utilization  of 
Pt  NPs  and  reducing  the  amount  of  Nafion.  Moreover,  the  S03H- 
Ar-CNTs  synthesized  by  the  covalent  modification  could  hardly 
cause  the  structural  damage  of  CNTs  compared  with  the  COOH- 
CNTs  prepared  by  the  conventional  acid  oxidation  method,  which  is 
conducive  to  decreasing  the  corrosion  of  the  S03H-Ar-CNTs  and 
improving  the  durability  of  Pt/S03H-Ar-CNTs. 

2.  Experimental 

2.1.  Preparation  of  catalysts 

The  pristine  CNTs  (Shenzhen  Nanotech  Port  Co.  Ltd.)  was  first 
purified  by  being  immersed  in  concentrated  HC1  solution  for  5  days 
and  then  refluxed  for  5  h,  followed  by  diluting,  filtering,  washing 
and  vacuum  drying  at  80  °C  overnight.  The  carboxylation  of  the 
purified  CNTs  was  then  carried  out  in  H2SO4/H2O2  mixture  solution 
(4:1  by  volume)  for  3  h,  followed  by  diluting,  filtering,  washing  and 
vacuum  drying  at  80  °C  overnight.  The  product  was  called  as 
COOH-CNTs.  The  S03H-Ar-CNTs  sample  was  performed  using  a 
covalent  modification  method  [17  ,  in  which  isoamyl  nitrite  solu¬ 
tion  was  slowly  added  to  the  mixture  of  purified  CNTs  and  sodium 
p-aminobenzenesulfonate  via  syringe  in  a  round  bottom  flask.  The 
reaction  mixture  was  vigorously  stirred  and  heated  at  60  °C  for  an 
hour,  followed  by  filtering  and  washing  with  DMF  and  diethyl  ether. 
The  product  was  collected  and  dried  under  vacuum  at  50  °C  for 
overnight. 

Pt  NPs  supported  on  COOH-CNTs  and  S03H-Ar-CNTs  were 
synthesized  by  the  ethylene  glycol  (EG)  reduction  method.  Briefly, 
80  mg  of  CNTs  support,  60  mg  of  sodium  citrate  and  1  mL  of  H2PtCl6 
solution  (20  mg  mL-1  Pt)  were  mixed  with  35  mL  of  EG,  followed  by 
stirring  for  30  min  and  adjusting  the  pH  to  11  using  1  M  NaOH  in  EG 
solution.  The  mixture  was  then  placed  into  a  Teflon-lined  autoclave 
and  conditioned  at  160  °C  for  6  h,  followed  by  filtering,  washing  and 
vacuum  drying  at  80  °C.  The  Pt  loading  of  all  the  catalysts  was 
controlled  at  20  wt.%.  The  prepared  Pt  catalyst  supported  on 


COOH-CNTs,  and  S03H-Ar-CNTs  was  denoted  by  Pt/COOH-CNTs 
and  Pt/S03H-Ar-CNTs,  respectively. 

2.2.  Electrochemical  measurements 

All  electrochemical  experiments  were  performed  in  a  standard 
three-electrode  cell  at  room  temperature.  The  half  cell  consisted  of 
a  glassy  carbon  working  electrode  (GC  electrode,  5  mm  in  diam¬ 
eter),  an  Ag/AgCl  (saturated  KC1)  reference  electrode,  and  a  plat¬ 
inum  foil  counter  electrode.  All  potentials  in  this  study,  however, 
are  given  relative  to  the  reversible  hydrogen  electrode  (RHE).  The 
working  electrodes  were  prepared  by  applying  catalyst  inks  onto 
GC  disk.  In  brief,  the  electrocatalyst  was  dispersed  in  ethanol  and 
ultrasonicated  for  10  min  to  form  a  uniform  catalyst  ink.  A  total  of 
10  pL  of  well-dispersed  catalyst  ink  was  applied  onto  a  prepolished 
GC  disk.  After  drying  at  room  temperature,  a  drop  of  0.5  wt.%  Nafion 
solution  was  applied  onto  the  surface  of  the  catalyst  layer  to  form  a 
thin  protective  film.  The  prepared  electrodes  were  dried  at  room 
temperature  before  electrochemical  tests. 

The  accelerated  durability  tests  (ADT)  were  performed  at  po¬ 
tentials  between  0  and  1.2  V  at  a  scan  rate  of  50  mV  s_1  in  N2- 
purged  0.1  M  HCIO4  at  room  temperature.  The  CV  curves  were 
recorded  every  50  cycles  to  calculate  the  electrochemical  surface 
area  (ECSA)  of  Pt  in  the  catalysts  using  the  following  equation 
[4,18,19]: 

ECSA  =  _ _ 

0.21  mC  cm"2  x  [Pt] 

where  Qh  (mC)  is  the  charge  due  to  the  hydrogen  adsorption/ 
desorption  in  the  hydrogen  region  (0.05-0.40  V)  of  the  CVs,  [Pt]  is 
the  loading  of  Pt  on  the  working  electrode,  and  0.21  mC  cm-2  is  the 
electrical  charge  required  to  oxidize  a  monolayer  of  hydrogen  on  Pt, 
corresponding  to  a  surface  density  of  1.3  x  1015  Pt  atoms  per  cm2, 
which  is  generally  accepted  for  polycrystalline  Pt  electrodes. 

All  of  the  electrodes  were  pretreated  by  cycling  the  potential 
between  0.05  and  1.1  V  at  a  sweep  rate  of  50  mV  s-1  for  50  cycles  to 
remove  any  surface  contamination  prior  to  ORR  activity  test.  The 
ORR  polarization  curves  were  conducted  in  02-saturated  0.1  M 
HCIO4  solution  at  a  scan  rate  of  10  mV  s-1.  The  rotation  speed  was 
controlled  at  1600  rpm. 

2.3.  Preparation  and  performance  measurement  of  membrane 
electrode  assembly  (MEA) 

Catalyst  inks  for  cathode  were  prepared  by  mixing  the  Pt/ 
S03H-Ar-CNTs  catalysts  or  the  Pt/COOH-CNTs  catalyst,  5  wt.% 
Nafion  solution  (DuPont),  and  anhydrous  alcohol.  Different  per¬ 
centages  of  Nafion  ranging  from  0  to  50  wt.%  (weight  percentage 
in  deposited  solid  fraction)  were  added  to  the  suspension.  Catalyst 
inks  for  anode  were  prepared  by  mixing  Pt/C  catalyst  (Johnson- 
Matthey  In.  UK),  5  wt.%  Nafion  solution,  and  anhydrous  alcohol. 
The  weight  ratio  of  catalyst  loading  to  solid  Nafion  was  maintained 
at  3:1  on  the  anodic  side.  All  of  the  well  dispersed  suspensions 
were  obtained  by  immersing  the  catalyst  inks  in  an  ultrasonic  bath 
during  at  least  15  min.  The  suspensions  were  pipetted  onto  the 
carbon  paper  and  finally  heated  at  80  °C  for  10  min.  The  MEA  was 
prepared  by  hot-pressing  the  cathode,  Nafion  112  membrane 
(DuPont),  and  the  anode  at  137  °C  and  5  MPa  for  2  min.  The  Pt 
loading  was  controlled  at  0.3  mg  cm-2  on  the  anodic  side  and 
0.1  mg  cm-2  on  the  cathodic  side.  The  effective  area  of  the  elec¬ 
trode  was  5  cm-2.  The  Nafion  112  membrane  was  pretreated  with 
3  vol.%  H2O2  and  0.5  M  H2SO4  for  1  h  to  remove  impurities.  The 
membrane  was  then  washed  several  times  with  hot  deionized 
water. 
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Scheme  1.  Schematic  illustration  of  the  synthesis  of  the  Pt/S03H-Ar-CNTs  catalyst. 
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The  polarization  curves  of  MEA  were  measured  with  the  Fuel 
Cell  Test  Station  (Fuel  Cell  Technologies,  Inc.).  The  electrochemical 
polarization  behavior  was  obtained  at  80  °C.  The  hydrogen  and 
oxygen  were  supplied  to  the  anode  and  cathode  at  flow  rates  of  350 
and  500  mL  min-1,  respectively.  The  back  pressure  for  the  anode 
and  cathode  were  zero  and  90  kPa,  respectively.  The  gas  humidi¬ 
fication  temperatures  were  5  °C  lower  than  the  cell  temperature  for 
hydrogen  and  oxygen,  respectively. 

2.4.  FTIR  test 


2.5.  TEM  test 

Transmission  electron  microscopy  (TEM)  was  carried  out  on  a 
Zeiss  LIBRA  200  FETEM  instrument  operating  at  200  kV. 

2.6.  XPS  analysis 

XPS  spectra  were  acquired  by  using  a  PE  PHI-5400  spectrometer 
equipped  with  a  monochromatic  Al  X-ray  source  (Al  KR, 
1.4866  keV). 


The  FTIR  spectra  were  recorded  on  a  Nicolet  550II  FTIR 
spectrometer. 


(a) 


Wavenumbers  /  cm 
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Fig.  1.  (a)  FTIR  spectra  of  COOH-CNTs  and  S03H-Ar-CNTs,  (b)  XPS  spectra  of  Pt/ 
S03H-Ar-CNTs  catalyst. 


Fig.  2.  (a)  CV  curves  of  electrodes  made  with  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs 
in  N2-purged  0.1  M  HC104  solution  at  a  scan  rate  of  50  mV  s-1.  (b)  ORR  curves  of 
electrodes  made  from  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs  in  02-saturated  0.1  M 
HC104  solution  at  room  temperature  (1600  rpm,  scan  rate  10  mV  s”1). 
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3.  Results  and  discussion 

The  fabrication  process  for  the  Pt/SC^H-Ar-CNTs  catalyst  is 
demonstrated  in  Scheme  1.  First,  the  SC^H-Ar-CNTs  was  prepared 
via  covalent  modification  method  to  introduce  -Ar-SOsH  groups 


onto  the  CNTs  surface.  Afterward,  Pt  NPs  were  deposited  onto  the 
SOsH-Ar-CNTs  surface  to  form  the  Pt/SC^H-Ar-CNTs  catalyst  by 
EG  reduction  method.  The  prepared  SC^H-Ar-CNTs  were  first 
characterized  by  FTIR  spectroscopy.  As  shown  in  Fig.  la,  there  are 
two  new  peaks  at  1635  cm-1  and  1040  cm'1,  which  are  attributed 
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Fig.  3.  TEM  images  (left)  and  size  distributions  (right)  of  nanoparticles  of  nanohybrids,  (a),  (e)  fresh  Pt/COOH-CNTs;  (b),  (f)  aged  Pt/COOH-CNTs  after  1500  CV  cycles;  (c),  (g)  fresh 
Pt/S03H— Ar— CNTs;  (d),  (h)  aged  Pt/S03H-Ar-CNTs  after  1500  CV  cycles. 
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to  the  vibration  bands  of  the  aromatic  C-H  and  the  -SO3H  groups, 
respectively  [20,21  .  These  representative  peaks  successfully  indi¬ 
cate  introduction  of  the  -SO3H  groups  on  CNTs.  X-ray  photoelec¬ 
tron  spectroscopy  (XPS)  was  carried  out  to  determine  the  chemical 
composition  of  the  prepared  Pt/SC^H-Ar-CNTs  catalysts.  Fig.  lb 
shows  the  atomic  percentage  of  all  the  elements  of  Pt/S03H-Ar- 
CNTs  catalyst,  in  which  the  percentage  of  S  element  is  estimated  to 
be  1.42%. 

Before  discussing  the  beneficial  effect  of  the  -SO3H  group  on  fuel 
cell  performance,  the  electrochemical  and  electrocatalytic  behaviors 
of  the  Pt/COOH-CNTs  and  Pt/SC^H-Ar-CNTs  catalysts  were  eval¬ 
uated.  Typical  cyclic  voltammograms  (CV)  of  the  Pt/COOH-CNTs  and 
Pt/S03H-Ar-CNTs  catalysts  recorded  in  N2-puraged  0.1  M  HCIO4  are 
shown  in  Fig.  2a.  The  electrochemical  surface  areas  (ECSA)  of  the  Pt/ 
COOH-CNTs  and  Pt/S03H-Ar-CNTs  catalysts  were  estimated  to  be 
57.2  m2  g_1  and  59.0  m2  g-1,  respectively.  The  similar  ECSA  can  be 
attributed  to  the  small  size  and  good  dispersion  of  Pt  NPs  on  the 
COOH-CNTs  and  S03H-Ar-CNTs  (see  the  TEM  images  in  Fig.  3a,  c), 
confirming  that  the  S03H-Ar-CNTs  is  suitable  to  anchor  Pt  NPs  and 
also  to  be  serviced  as  supports  for  electrocatalyst.  Subsequently,  the 
linear  sweep  voltammetry  (LSV)  measurements  were  recorded  on  a 
rotating  disk  electrode  (RDE)  to  investigate  the  oxygen  reduction 
reaction  (ORR)  performance  for  the  Pt/COOH-CNTs  and  Pt/SC^H- 
Ar-CNTs  catalysts  in  02-saturated  0.1  M  HCIO4  at  a  scan  rate  of 
10  mV  s-1  and  a  rotation  rate  of  1600  rpm.  As  can  be  seen  in  Fig.  2b, 
the  Pt/S03H-Ar-CNTs  catalyst  exhibits  the  similar  half-wave  po¬ 
tentials  (~0.85  V)  and  activity  with  respect  to  the  Pt/COOH-CNTs 
catalyst,  confirming  that  the  -SO3H  groups  have  no  effect  on  the 
oxygen  reduction  activity  of  the  catalyst. 

Different  from  that  in  half  cell  tests,  electrochemical  reactions 
can  only  continuously  occur  at  triple-phase  zones  in  single  cell  test. 
In  order  to  evaluate  the  performance  of  the  Pt/S03H-Ar-CNTs 
catalyst  in  the  enhancement  of  Pt  utilization,  the  single  cell  tests 


were  further  examined  at  80  °C  with  pure  hydrogen  and  oxygen  at 
the  anode  and  cathode,  respectively.  The  Pt  loading  at  the  cathode 
was  0.1  mg  cm-2,  whereas  the  Pt  loading  at  anode  was  deliberately 
high  (0.3  mg  cm  2)  to  avoid  impact  on  the  overall  fuel  cell  per¬ 
formance.  The  ECSA  of  the  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs 
catalyst  in  the  MEA,  as  shown  in  Fig.  4a,  were  also  examined  using 
LSV  measurements.  As  expected,  the  Pt/S03H-Ar-CNTs  catalyst 
(~30  m2  gpt1)  shows  the  bigger  ECSA  than  the  Pt/COOH-CNTs 
catalyst  (~22  m2  gpt1),  suggesting  that  the  Pt/S03H-Ar-CNTs 
catalyst  could  possess  a  higher  Pt  utilization  than  the  Pt/COOH- 
CNTs  catalyst  in  the  MEA.  Fig.  4b  shows  the  polarization  curves  of 
the  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs  catalysts  for  the  single 
cells  without  Nation  in  the  cathode  catalyst  layer.  The  Pt/COOH- 
CNTs  and  Pt/S03H-Ar-CNTs  catalysts  without  Nation  exhibit  the 
peak  power  densities  of  398  and  714  mW  cm-2,  respectively.  It  is 
worth  noting  that  the  peak  power  density  of  398  mW  cm-2  for  the 
Pt/COOH-CNTs  catalyst  should  be  primarily  ascribed  to  the  com¬ 
bination  between  Nation  membrane  and  the  catalysts  on  the  sur¬ 
face  of  the  catalyst  layer  by  the  hot-pressing  process,  which 
supplies  a  few  paths  of  proton  transport  to  the  Pt  NPs  near  the 
Nation  membrane,  but  have  little  effect  on  the  Pt  NPs  located  in  the 
depth  of  the  catalyst  layer  far  away  from  the  Nation  membrane. 
Correspondingly,  the  peak  power  density  of  the  Pt/S03H-Ar-CNTs 
catalyst  is  about  1.8  times  higher  than  that  of  the  Pt/COOH-CNTs 
catalyst.  Considering  that  the  preparation  process  of  the  electrodes, 
the  dispersion  and  the  electrochemical  activity  of  Pt  NPs  are  similar 
for  Pt/S03H-Ar-CNTs  and  Pt/COOH-CNTs  catalysts,  the  highly 
improved  Pt  utilization  for  the  Pt/S03H-Ar-CNTs  catalyst  should 
not  simply  be  ascribed  to  the  hot-pressing  process,  but  the  defined 
deposition  of  Pt  NPs  on  the  S03H-Ar-CNTs,  which  provides  more 
the  paths  of  proton  and  electron  transport  for  the  Pt  NPs  and  makes 
a  large  amount  of  the  Pt  NPs  locate  in  triple-phase  zones  without 
the  presence  of  Nation. 


Fig.  4.  (a)  LSV  curves  of  the  cathodes  made  from  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs  in  MEA  at  80  °C;  cathodes  are  protected  by  high  purity  nitrogen;  anodes  are  fed  with 
hydrogen  at  50  mL  min"1;  the  scan  rate  is  50  mV  s”1.  (b)  Performance  curves  of  the  single  cells  with  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs  as  the  cathode  catalysts  without  Nation 
and  Pt/C  as  the  anode  catalyst  with  25  wt.%  Nation. 


Fig.  5.  Performance  curves  of  the  single  cells  with  (a)  Pt/COOH-CNTs  and  (b)  Pt/S03H-Ar-CNTs  as  the  cathode  catalysts  with  different  Nafion  loadings  and  Pt/C  as  the  anode 
catalysts  with  25  wt.%  Nafion. 
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To  better  understand  the  potency  and  capability  of  the  -SO3H 
groups  on  the  Pt  utilization  in  the  single  cell,  the  cell  performance 
for  cathode  electrodes  made  using  Pt/COOH-CNTs  and  Pt/S03H- 
Ar-CNTs  catalyst  with  different  Nation  loadings  were  evaluated  in 
the  single  cell.  Fig.  5  shows  the  performance  of  a  series  of  Pt/ 
COOH-CNTs  and  Pt/S03H-Ar-CNTs  catalysts  with  various  Nation 
loadings  in  the  range  of  0-50  wt.%.  It  can  be  seen  in  Fig.  5a  that  the 
performance  of  the  Pt/COOH-CNTs  catalyst  has  been  obviously 
improved  with  the  increase  of  Nation  loading  from  0  to  35  wt.%,  but 
further  increasing  the  Nation  loading  to  50  wt.%  resulted  in  a  sharp 
decline  in  performance,  conforming  that  Nation  plays  a  vital  role  for 
improving  the  Pt  utilization  of  the  Pt/COOH-CNTs  catalyst  and  too 
low  or  too  much  Nation  will  cause  the  evident  decline  in  the  per¬ 
formance.  Therefore,  the  best  performance  of  the  Pt/COOH-CNTs 
catalyst  in  the  single  cell  has  been  attained  at  the  optimum  35  wt.% 
Nation.  These  results  indicate  that  the  cell  performance  of  the  Pt/ 
COOH-CNTs  catalyst  in  cathode  layer  strongly  depends  on  the  high 
loading  and  distribution  of  Nation.  In  contrast,  the  Pt/S03H-Ar- 
CNTs  catalyst  in  the  single  cell  represents  less  dependence  on  the 
Nation  relative  to  the  Pt/COOH-CNTs  catalyst.  As  shown  in  Fig.  5b, 
the  Pt/S03H-Ar-CNTs  catalyst  in  the  single  cell  exhibits  the  best 
peak  power  density  of  860  mW  cm"2  with  only  15  wt.%  Nation, 
which  is  obviously  higher  than  that  (766  mW  cm-2)  of  the  Pt/ 
COOH-CNTs  catalyst  with  as  high  as  35  wt.%  Nation,  conforming 
that  the  Pt/S03H-Ar-CNTs  catalyst  effectively  reduces  the  use  of 
Nation  and  also  significantly  enhances  the  Pt  utilization  owing  to 
the  excellent  electron  and  proton  transport  abilities  of  the  S03H- 
Ar-CNTs  with  respect  to  the  COOH-CNTs.  In  addition,  the  best 
performance  of  the  Pt/S03H-Ar-CNTs  catalyst  in  single  cell  with 
15  wt.%  Nation  demonstrates  that  Nation  is  still  needed  for  the  Pt/ 
S03H-Ar-CNTs  catalyst  to  facilitate  proton  transport  among  the 
catalyst  particles.  However,  a  slight  excess  of  Nation  for  the  Pt/ 
S03H-Ar-CNTs  catalyst  is  more  easy  to  reduce  the  fuel  cell  per¬ 
formance  compared  with  the  Pt/COOH-CNTs  catalyst  owing  to  a 
large  amount  of  the  -S03H  group  linked  on  the  Pt/S03H-Ar-CNTs 
catalyst,  which  easily  causes  local  accumulation  of  liquid  water  to 
flood  the  catalyst  surface  and  hinders  gas  diffusion  in  the  catalyst 
layer. 

Apart  from  Pt  utilization,  durability  of  the  catalysts  is  another 
obstacle  that  has  hindered  the  development  of  PEMFCs.  To  evaluate 
the  durability  of  the  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs  cata¬ 
lysts,  accelerated  durability  tests  (ADT)  were  done  by  applying 
potential  sweeps  between  0  and  1.2  V  vs.  RHE  at  50  mV  s-1  in  N2- 
puraged  0.1  M  HCIO4  at  room  temperature.  The  Pt  ECSA  values  for 
the  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs  catalysts  after  potential 
cycling  were  calculated  from  their  respective  CVs  (Fig.  6b,  c),  and 
the  normalized  ECSA  to  the  highest  values  was  plotted  as  a  function 
of  the  cycle  numbers  (Fig.  6a).  After  1500  accelerated  cycles,  the  Pt/ 
S03H-Ar-CNTs  catalyst  only  decreased  ~26%  of  its  initial  ECSA, 
whereas  the  Pt/COOH-CNTs  catalyst  lost  ~91%  of  the  initial  ECSA. 
The  morphologies  of  the  Pt/COOH-CNTs  and  Pt/S03H-Ar-CNTs 
catalysts  before  and  after  the  1500  cycles  were  examined  by  TEM 
(Fig.  3a-d).  The  size  distribution  of  the  Pt  NPs  calculated  according 
to  Fig.  3a-d  is  shown  in  Fig.  3e-h.  The  size  of  the  Pt  NPs  in  the  Pt/ 
COOH-CNTs  catalyst  increased  from  2-4  to  3-14  nm  after  1500 
accelerated  cycles  (Fig.  3e,  f),  indicating  that  ripening  or  aggrega¬ 
tion  of  the  Pt  NPs  occurred  during  the  CV  cycling.  Meanwhile,  the 
TEM  images  (Fig.  3a,  b)  show  the  loss  and  detachment  of  Pt  NPs 
from  CNTs  in  Pt/COOH-CNTs  catalysts,  confirming  that  the  major 
cause  for  the  Pt  ECSA  loss  of  Pt/COOH-CNTs  was  by  the  loss  of  Pt  NPs 
from  the  CNT  support  owing  to  its  own  corrosion.  This  assertion  can 
also  be  verified  by  the  oxidation  peak  ( ~0.7  V)  of  the  COOH-CNTs 
during  the  CV  ADT  test  as  shown  in  Fig.  6b.  This  result  is  consistent 
with  the  conclusion  by  Kim  and  Wei  [22,23]  that  the  aggressive 
oxidative  treatment  of  graphitized  carbon  leads  to  the  decay  of 


catalyst  performance.  Compared  with  the  Pt/COOH-CNTs  catalyst, 
the  size  of  the  Pt  NPs  in  the  Pt/S03H-Ar-CNTs  catalyst  shows  the 
relatively  small  increase  from  1—3  to  3-11  nm  (Fig.  3g,  h).  In 
combination  with  the  TEM  images  (Fig.  3a-d),  the  result  demon¬ 
strates  that  the  Pt/S03H-Ar-CNTs  catalyst  is  more  electrochemi- 
cally  stable  than  the  Pt/COOH-CNTs  catalyst.  The  improved 


Fig.  6.  (a)  Normalized  Pt  ECSA  of  electrodes  made  with  Pt/COOH-CNTs  and  Pt/S03H- 
Ar-CNTs  in  N2-purged  0.1  M  HC104  at  room  temperature  (0-1.2  V  vs.  RHE,  sweep  rate 
50  mV  s”1).  CV  curves  of  electrodes  made  from  (b)  Pt/COOH-CNTs  and  (c)  Pt/S03H- 
Ar-CNTs  at  different  CV  cycles  in  N2-purged  0.1  M  HC104  solution  at  a  scan  rate  of 
50  mV  s_1. 
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durability  of  the  Pt/SC^H-Ar-CNTs  catalyst  should  be  correlated 
with  the  covalent  modification  method,  which  can  effectively  avoid 
the  serious  damage  of  CNTs  surface  compared  with  the  harsh  acid 
oxidation  method,  and  then  is  helpful  for  decreasing  the  SO3H— Ar— 
CNTs  corrosion  to  benefit  the  durability  of  the  Pt/SC^H— Ar-CNTs 
catalyst. 

4.  Conclusion 

In  summary,  we  have  successfully  prepared  a  Pt/SC^H-Ar-CNTs 
catalyst  with  enhanced  Pt  utilization  and  durability  via  the  surface 
sulfonation  of  CNTs.  Compared  with  the  Pt/COOH-CNTs  catalyst, 
the  Pt/S03H-Ar-CNTs  catalyst  has  exhibited  high  Pt  utilization  and 
less  dependence  on  the  Nafion.  The  improved  performance  of  the 
Pt/S03H-Ar-CNTs  catalyst  is  due  to  the  -SO3H  groups  linked  onto 
the  CNTs  surface,  which  integrates  proton  and  electron  transport 
channels  into  the  CNTs  to  offer  more  triple-phase  zones  on  Pt  NPs 
surfaces.  The  covalent  modification  method  effectively  reduces  the 
S03H-Ar-CNTs  corrosion  and  improves  the  durability  of  the  Pt/ 
S03H-Ar-CNTs  catalyst  with  respect  to  the  Pt/COOH-CNTs  cata¬ 
lyst.  The  present  study  demonstrates  that  the  Pt/S03H-Ar-CNTs 
catalyst  could  be  promising  electrocatalyst  for  PEMFCs  with  high 
utilization  and  durability. 
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